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Focus of attentionMulti-store models of working memory (WM) have given way to more dynamic approaches that conceive
WM as an activated subset of long-term memory (LTM). The resulting framework considers that memory
representations are governed by a hierarchy of accessibility. The activated part of LTM holds representa-
tions in a heightened state of activation, some of which can reach a state of immediate accessibility
according to task demands. Recent neuroimaging studies have studied the neural basis of retrieval infor-
mation with different states of accessibility. It was found that the medial temporal lobe (MTL) was
involved in retrieving information within immediate access store and outside this privileged zone. In
the current study we further explored the contribution of MTL to WM retrieval by analyzing the conse-
quences of MTL damage to this process considering the state of accessibility of memory representations.
The performance of a group of epilepsy patients with left hippocampal sclerosis in a 12-item recognition
task was compared with that of a healthy control group. We adopted an embedded model of WM that
distinguishes three components: the activated LTM, the region of direct access, and a single-item focus
of attention. Groups did not differ when retrieving information from single-item focus, but patients were
less accurate retrieving information outside focal attention, either items from LTM or items expected to
be in the WM range. Analyses focused on items held in the direct access buffer showed that consequences
of MTL damage were modulated by the level of accessibility of memory representations, producing a
reduced capacity.
 2013 The Authors. Published by Elsevier Inc. Open access under CC BY-NC-SA license.1. Introduction
Conceptualization of memory as a complex entity comprising
different forms or systems has relied on several criteria for
establishing such distinctions. Among them, differences in princi-
ples that characterize their modes of operation, and differences
in underlying neural substrate (Fuster, 1995; Schacter, Wagner, &
Buckner, 2000). Accordingly, differentiation between long-term
memory (LTM) and working memory (WM) has been a widely
accepted dichotomy (Fuster, 1995). Contrary to this perspective,
unitary models of memory has called into question the distinction
between WM and LTM, and considered that both processes aregoverned by the same principles (Crowder, 1993; Nairne, 2002;
for a review see Lustig et al., 2009). Likewise unitary models, an
inﬂuential theoretical framework proposes that WM and LTM are
not entirely separable, and conceives WM as an activated subset
of LTM. Crucially, some of the representations in the activated
LTM have immediate access, the so-called ‘focus of attention’
(Cowan, 1999, 2001), and are considered to be limited to about 4
items in normal adult humans (Cowan, 2001; Lewis-Peacock,
Drysdale, Oberauer, & Postle, 2012; Luck & Vogel, 1997; Lustig
et al., 2009; Matsukura & Hollingworth, 2011). This proposition
has been further elaborated and complemented by a model postu-
lating three embedded components (Oberauer, 2002), which are
conceived as successive levels of selection of memory representa-
tions (Rerko & Oberauer, 2013). The narrowest level of selection
is the focus of attention (FA), with a single-item capacity (Basak
& Verhaeghen, 2011; Garavan, 1998; McElree, 2006; Rerko &
Oberauer, 2013; Verhaeghen et al., 2007); a region of direct access
(DA), holding approximately 3–4 additional items (Basak &
Verhaeghen, 2011; Oberauer, 2002, 2006; Oberauer & Hein,
2012; Verhaeghen et al., 2007); and an activated subset of LTM
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Cowan, Rouder, Blume, & Saults, 2012). In this view, WM capacity
is determined by the capacity of the DA region (Oberauer &
Bialkova, 2009). Recently, several neuroimaging studies have
tested the neural substrates associated with processing of repre-
sentations posited to be in distinct accessibility states. With this
aim, these studies used a recognition paradigm with a rapid visual
presentation of verbal (i.e. words) (Nee & Jonides, 2008, 2011;
Öztekin, Davachi, & McElree, 2010) or visual information (i.e. faces)
(Nee & Jonides, 2013). By analyzing the neural activation associ-
ated with retrieval of items in different serial positions, this para-
digm allows to explore whether or not different brain regions are
associated with retrieval of information held in FA (last item of
the list), DA (two–three items previous to the last one), and aLTM
(rest items of the list). Crucially, it was found that medial temporal
lobe (MTL), including the hippocampus, parahippocampus and
entorhinal cortex, a brain region traditionally assumed to support
exclusively LTM operations (Jeneson & Squire, 2011), was activated
during all serial positions of the list other than the last. This is,
items from LTM and items expected to be actively maintained
(Nee & Jonides, 2008, 2011, 2013; Öztekin et al., 2010; see also Özt-
ekin, McElree, Staresina, & Davachi, 2009). Furthermore, it was
found that MTL was even more activated when processing items
within the DA (Nee & Jonides, 2011, 2013; Öztekin et al., 2010).
Likewise, a recent study on visual WM using a change detection
paradigm (Luck & Vogel, 1997) showed that hippocampal activa-
tion emerged within memory capacity and dropped when capacity
limit was exceeded (von Allmen, Wurmitzer, Martin, & Klaver,
2013). Thus, results from these studies provide support for a
three-layer model (Oberauer, 2002), and align with accumulating
evidence showing the involvement of MTL in WM operations
(Axmacher, Elger, & Fell, 2009a; Campo et al., 2005, 2012; Finke,
Bruehl, Duzel, Heekeren, & Ploner, 2013; Poch & Campo, 2012;
Poch, Fuentemilla, Barnes, & Duzel, 2011; Race, Laroque, Keane, &
Verfaellie, 2013; Stretton et al., 2012; Toepper et al., 2010; von All-
men et al., 2013). Interestingly, recent behavioral studies have
raised reasons to hypothesize that not all the items held in WM
are equally processed. Memory strength parameters of representa-
tions held in memory follow a power function of serial position,
this is, the magnitude of the memory strengths decreases with
increasing lag (Donkin & Nosofsky, 2012a). Further support comes
from a shared-resource model (Bays & Husain, 2008), according to
which ‘‘the proportion of resources allocated to each item deter-
mines the precision with which it is remembered’’ (Fougnie,
Suchow, & Alvarez, 2012; Wei, Wang, & Wang, 2012). This is also
accounted by Oberauer’s model, which considers that increasing
number of items in the DA interfere with each other and that the
FA can only retrieve items from DA, (Oberauer & Hein, 2012;
Pelegrina, Borella, Carretti, & Lechuga, 2012), what make correct
item selection more difﬁcult with increasing set size (Basak &
Verhaeghen, 2011; Ecker, Lewandowsky, Oberauer, & Chee, 2010;
Janczyk & Grabowski, 2011).
To test the causal role of MTL in retrieving items within theWM
range we explored the differences in accuracy and reaction time
between a group of patients with focal MTL damage and a control
group using the word recognition paradigm described by Öztekin
et al. (2010). Mesial temporal lobe epilepsy (mTLE) associated with
hippocampal sclerosis (HS) can be considered a model disorder to
investigate the role of MTL in those operations (Jokeit, Bosshardt, &
Reed, 2011). Our experimental approach was based on Oberauer’s
concentric model (Oberauer, 2002). If activation ﬁndings from the
above mentioned studies are reﬂecting an essential contribution of
MTL to WM, then it would be expected to ﬁnd that patients with
mTLE will retrieve items from DA consistently worse than healthy
controls. Considering ‘power-law’ models, if increasing number of
items will compete for limited resources it could be hypothesizedthat MTL damage would be reﬂected in weaker strength of mem-
ory representations when more items have to be maintained,
potentially leading to a reduced memory capacity (Pelegrina
et al., 2012). As differences in WM capacity are related to the abil-
ity to hold relevant information in the DA buffer, and are unrelated
to variations in parameters of the FA (Oberauer & Hein, 2012), le-
sion effect would be absent for the last presented item, and be-
come evident as a function of serial position within the DA buffer
(Basak & Verhaeghen, 2011; Ecker et al., 2010; Janczyk &
Grabowski, 2011).2. Method
2.1. Participants
Thirteen patients (four male) with mTLE undergoing evaluation
at the ‘‘Hospital Universitario Clínico San Carlos’’ and 26 healthy
volunteers (seven male) were enrolled in the study. Participants
were right handed according to the Edinburgh Handedness Inven-
tory (Oldﬁeld, 1971), and Spanish was their primary language. All
participants gave written informed consent to be included in this
study, approved by the local Research Ethics committee of the Hos-
pital Universitario Clínico San Carlos. There were no signiﬁcant dif-
ferences between groups in terms of age (t37 = 1.59, p > .10)
(Mean = 37, SD = 7.13 for patients; Mean = 31.62, SD = 10.96 for
controls) or level of education (t37 = 0.74, p > .45) (Mean = 14.38,
SD = 1.61 for patients; Mean = 14.88, SD = 2.16 for controls).
Diagnosis was established according to clinical EEG and MRI
data. All patients underwent neurological examination, EEG moni-
toring, and high resolution 1.5 T brain MRI. Patients were included
in the study when clinical data and MRI and EEG ﬁndings were
suggestive of unilateral mesial temporal lobe epilepsy related to
left HS. All patients had; (i) seizures with typical temporal lobe
semiology that were not controlled with antiepileptic drugs (AEDs)
and (ii) decreased volume (and abnormally increased T2 and FLAIR
signal) of the left hippocampus on brain MRI. No lesions were ob-
served in other structures beyond left MTL. No seizure occurred
within 24 h prior to the experiment. At the time of study patients
were on AED treatment, including levetiracetam, lamotrigine,
oxcarbazepine, carbamazepine, valproate, topiramate, zonisamide,
clonazepam, lorazepam, either in monotherapy or multitherapy.
Control volunteers were interviewed and entered in the study if
they met the following inclusion criteria: (i) absence of a previous
history of neuropathological conditions or psychopathological dis-
eases; and (ii) no antecedent of drug or alcohol abuse.2.2. Materials and procedure
Experimental task was adapted from Öztekin et al. (2010), con-
sisting on a rapid sequential presentation of a 12-word list (525 ms
each). After the study list, a 450 ms visual mask was presented.
This was followed by a single trial probe during which participants
were presented with two words for 2250 ms, one from the study-
list and one a new word. Participants were required to indicate, by
button press, which word had been presented in the study-list,
thus minimizing any issue of response bias (Cowan et al., 2012).
The order of test probes was determined randomly. Target word
was randomly presented 50% of the trials on the right side and
50% on the left side of the display. There was and intertrial interval
of 4500 ms consisting on a ﬁxation cross. Words were randomly
selected (without replacement) from a set of 806 one- or two-syl-
lable words (Algarabel, Ruiz, & Sanmartín, 1988). Mean values of
the selected words on relevant characteristics were as follows:
on imaginability was 4.6 (ranging 3.5–6.7), on familiarity was 4.4
(ranging 2–6.3), on concreteness was 4.2 (ranging 3.5–6.7), and
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presented in upper-case and test probes were presented in lower-
case to prevent visual matching strategies (Nee & Jonides, 2011).
None word was presented twice during the experiment to avoid
priming; confounding interference effects, as items held in aLTM
and DA are differentially affected by this variable (Basak &
Verhaeghen, 2011; Oberauer, 2006); or any other uncontrolled ef-
fects (McElree, 1998). Each task began with a self-paced set of
instructions, and 12 practice trials. Thereafter, participants per-
formed 62 trials. We adopted Özteking et al.’s 12 item-list ap-
proach (Öztekin et al., 2010) as it allows to appropriately
evaluate differential effects on the three posited availability states
(Oberauer, 2002). Accordingly, serial positions were organized into
three levels: serial position 12 corresponding to FA (10 trials); se-
rial positions 9–11 corresponding to DA (10 trials each); serial
positions 1–2 corresponding to primacy (10 trials); and serial posi-
tions 3–8 (12 trials) corresponding to aLTM.Fig. 1. Participant’s accuracy expressed as percentage of correct hits (a), and
reaction time in milliseconds (b) as a function of levels of accessibility, corre-
sponding to Primacy (serial positions 1–2), activated long-term memory (aLTM,
serial positions 3–8), direct access (DA, serial positions 9–11), and focus of attention
(FA, serial position 12). Error bars indicate SEM.3. Results
A repeated measures analysis of variance (ANOVA), with Level
(FA, DA, aLTM, and Primacy) as thewithin-subject factor, and Group
(patient and control) as the between-subject factor, was conducted
in order to compare the accuracy and reaction time during the task.
The results were evaluated using the Greenhouse–Geisser method
as a precaution against the threat posed by inhomogeneities of var-
iance among cell means. If there were a signiﬁcant main effect or
interaction (p < .05), a post hoc analysis was performed using the
Bonferroni correction for multiple comparisons. Post hoc analyses
were conducted using two-sample t-tests.
Concerning task accuracy, a main effect of level (F = 46.94,
p < .001, g2 = .361) indicated that accuracy decreased as the probe
was drawn from a less recent list position. There was also a Group
effect (F = 6.18, p < .05, g2 = .143), resulting from controls perform-
ing better than patients. A signiﬁcant Level by Group interaction
was explained by a linear effect (F = 4.25, p < .05, g2 = .103). Post-
hoc analyses revealed that patients were less accurate than con-
trols recognizing words from serial positions corresponding to
DA (t37 = 2.40, p < .05) and aLTM (t37 = 3.11, p < .005). A trend was
found for primacy positions (t37 = 2.01, p = .052). There were no
signiﬁcant differences between both groups in recognizing words
from FA (t37 = 0.55, p > .50) (Fig. 1a).
Analyses for reaction time (RT) were conducted using correct
trials only. ANOVA yielded a main effect of Level for RT, which
was better explained by a linear effect (F = 87.10, p < .001,
g2 = .702). Thus, RT signiﬁcantly diminished with increasing re-
cency of the probe (Fig. 1b). Neither Group effect (F = 1.71,
p > .10), nor Serial position by Group interaction (F = 2.77, p > .05)
were found.3.1. Performance as a function of serial position within working
memory range
A repeated measures analysis of variance (ANOVA), with Serial
position (serial position 9, 10, 11, and 12) as the within-subject fac-
tor, and Group (patient and control) as the between-subject factor,
was conducted in order to compare the accuracy and reaction time
for items within the WM spectrum. The results were evaluated
using the Greenhouse–Geisser method as a precaution against
the threat posed by inhomogeneities of variance among cell means.
Post-hoc analyses were conducted using two-sample t-tests. Ef-
fects were considered statistically signiﬁcant when p < .05, after
Bonferroni correction.
Proportion of accurate responses was modulated by a main ef-
fect of Group (F = 4.42, p < .05, g2 = .107) and a main effect of serialposition (F = 12.68, p < .001, g2 = .255). These effects were ex-
plained by better performance of the control group compared to
the patient group; and by less accuracy for serial position 9 as com-
pared to the other positions (all ps < .001). A signiﬁcant Group by
Serial position interaction was also found (F = 6.56, p < .001,
g2 = .151). Post-hoc analyses revealed that for serial position 9 pa-
tients performed worse than controls (t37 = 3.62, p < .005) (Fig. 2a).
Within-group analyses showed that patients performed signiﬁ-
cantly worse for serial position 9 as compared to the other posi-
tions (all ps < .01); while controls’ performance did not differ
across serial positions (all ps > .50).
Analyses conducted on RT revealed a main effect of Serial posi-
tion (F = 39.80, p < .001, g2 = .518), indicating that participants re-
sponded slower with decreasing recency of the probe (Fig. 2b).
Neither Group effect (F = 3.96, p = .054), nor Group by Serial posi-
tion interaction (F = 2.03, p > .10) reached signiﬁcance.3.2. Differentiation between aLTM and direct access regions
Following Öztekin et al.’s study (Öztekin et al., 2010), we con-
ducted an analysis in which the DA region and the aLTM compo-
nent were recalculated. Speciﬁcally, in order to determine
whether serial position 9 was part of the aLTM or part of the items
held in DA, the beginning of the DA was deﬁned as the serial posi-
tion in which accuracy started to consistently rise after the drop
from a LTM effect. Therefore, aLTM component was deﬁned as
the serial positions that came before DA, while FA was ﬁxed to se-
rial position 12. In the group of patients we observed that accuracy
for serial position 9 did not differ from accuracy to serial positions
3–8 (t12 = 0.18, p > .50), but was worse than accuracy for serial
positions 10 through 12 (all ps < .01) (Fig. 3). On the contrary, in
the control group, accuracy for serial position 9 was greater than
that for serial positions 3–8 (t25 = 2.06, p = .05), but did not differ
for serial positions 10 through 12 (all ps > .05) (Fig. 3).
Fig. 2. Participant’s accuracy expressed as percentage of correct hits (a), and
reaction time in milliseconds (b) as a function of serial positions from 9 to 12,
corresponding to direct access (serial positions 9–11), and focus of attention (serial
position 12). Error bars indicate SEM.
Fig. 3. Participant’s accuracy expressed as percentage of correct hits as a function of
serial positions from 3 to 8, corresponding to aLTM, and serial positions from 9 to
12, (serial position 12 corresponds to focus of attention). Error bars indicate SEM.
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In the current study we have addressed whether MTL lesion dif-
ferentially affects the retrieval of memory representations hypoth-
esized to be within the WM range (Cowan, 2001; Oberauer, 2002)
using a recognition paradigm with rapid visual presentation of a
12-word list (Öztekin et al., 2010). The rationale of the study builds
on previous neuroimaging investigations on the involvement of
MTL in WM operations (Nee & Jonides, 2008, 2011; Öztekin
et al., 2010), and on the model assumption (Oberauer, 2002) that
items outside the FA, and maintained active, compete for resources
(Janczyk & Grabowski, 2011) and can be degraded by the time they
are accessed (Ecker et al., 2010). Supporting this view, recent
behavioral studies suggest that WM capacity limit can be ac-
counted by a power-law decay of precision (Basak & Verhaeghen,2011; Bays & Husain, 2008; Donkin & Nosofsky, 2012a; Janczyk
& Grabowski, 2011; Wei et al., 2012). Our results resemble those
of Öztekin et al. (2010), participants were faster for FA than for
DA, and faster for items from the latter than for LTM representa-
tions in a passive state. These results are also in line with ﬁndings
from previous similar studies (Basak & Verhaeghen, 2011; Chuder-
ski, Stettner, & Orzechowski, 2007; Donkin & Nosofsky, 2012a,b).
Interestingly, although there was a trend for slower RT in the group
of patients, no signiﬁcant differences were observed between
groups. Similarly, high-span and low-span groups did not differ
in retrieval speed using a speed-accuracy trade-off procedure
(Öztekin & McElree, 2010). Analysis of accuracy revealed that per-
formance was negatively inﬂuenced by serial position. Again, our
results are similar to those from Öztekin et al. (2010). Items were
retrieved more accurately from FA than from DA, and from DA than
from aLTM. Crucially, mTLE patients performed poorer than con-
trols on retrieving items outside the FA. This ﬁnding is consistent
with previous neuroimaging studies showing that MTL is more
activated during retrieval of items beyond the FA (Nee & Jonides,
2008, 2011, 2013; Öztekin et al., 2009, 2010; see also von Allmen
et al., 2013), and would support the involvement of MTL in retriev-
ing information from both WM and LTM.
As mentioned above, we were speciﬁcally interested in the ef-
fects of MTL lesion on accessing items held in WM. This interest re-
lies on several ﬁndings: (1) MTL activity has been shown to be
increased when retrieving items from DA (Nee & Jonides, 2008,
2011, 2013; Öztekin et al., 2010); and to exhibit a size-dependent
effect during WM (Axmacher, Haupt, Cohen, Elger, & Fell, 2009b;
von Allmen et al., 2013); (2) increasing items in DA produce a cost
in accuracy and, hence, can affect WM capacity (Ecker et al., 2010;
Unsworth & Engle, 2008). We observed that mTLE patients per-
formed poorer than controls, and that not all the representations
held in the short-term range (serial positions 9 through 12) were
equally affected by MTL damage. We observed that performance
differences between groups were restricted to serial position 9,
while no signiﬁcant differences were found for items retrieved
from serial position 12 (FA) through serial position 10 (DA). As re-
cently highlighted (Oberauer & Hein, 2012), differences in WM
capacity are related to the ability to hold relevant information in
the DA buffer, and are unrelated to variations in parameters of
the FA. Interestingly, while controls’ performance did not differ
across serial positions within DA (Rerko & Oberauer, 2013); pa-
tients exhibited a worse performance for items presented in serial
position 9 when compare to items maintained in DA but more re-
cently presented (i.e. serial positions 10–11). Thus, interpretation
of the observed differential effect in serial position 9 is crucial, as
it can be conceived as a causal test of MTL involvement in WM pro-
cesses. One of the basic assumptions of the embedded process
model is that the focus of attention is capacity-limited and that this
limit averages about four items in normal adult humans (Cowan,
2001). Although there is some variability across individuals (Uns-
worth & Engle, 2008; Vogel & Awh, 2008; Zimmer, Münzer, &
Umla-Runge, 2010), and type and complexity of the information
(Alvarez & Cavanagh, 2004), there is ample evidence supporting
this estimate derived from behavioral, computational, and neuro-
imaging studies (Chuderski et al., 2007; Cowan, 2001; Lewis-Pea-
cock et al., 2012; Luck & Vogel, 1997; Lustig et al., 2009;
Schmiedek, Li, & Lindenberger, 2009; Todd & Marois, 2004; Ver-
haeghen et al., 2007). Oberauer’s tripartite model (Oberauer,
2002) made a more elaborated distinction among items within
WM (‘focus of attention’ in Cowan’s terminology), and differenti-
ated between a narrow focus of attention, which holds just one
item (Garavan, 1998; McElree, 2001), corresponding to the last
presented item (i.e. serial position 12, FA) in the current study
(see also Nee & Jonides, 2008, 2011, 2013; Öztekin et al., 2010);
and the direct access region, where ‘‘roughly three items are in a
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to serial positions 9 through 11 (i.e. DA) in the current study (see
also Öztekin et al., 2010); thus accounting for the observed WM
capacity of four items (Schmiedek et al., 2009; Verhaeghen et al.,
2007). According to capacity-limit models of WM, performance
will begin to decline once the limiting number of items is ex-
ceeded. Under this framework, differences between groups on
accessing the item in serial position 9 could be signaling a reduced
WM capacity in patients, and more speciﬁcally a limited capacity
of three items (i.e. one item in FA and two items in DA). Thus, in
patients this item would be displaced to the aLTM, where is stored
in a readily available but not immediately accessible state (Basak &
Verhaeghen, 2011). This interpretation is derived from the ﬁnding
that DA, deﬁned as the serial position in which accuracy started to
consistently rise after the drop from a LTM effect (Öztekin et al.,
2010), differed between groups, starting in serial position 10 for
patients and serial position 9 for controls (Fig. 3). As this difference
in capacity between groups could not be attributed to differences
in age or level of education between groups (Jost, Bryck, Vogel, &
Mayr, 2011), we propose that MTL damage affects network proper-
ties of WM (Dempere-Marco, Melcher, & Deco, 2012), reducing the
amount of information that can be efﬁciently held in DA. The mag-
nitude of the memory strengths or the precision decrease with
increasing lag (Donkin & Nosofsky, 2012a; Ecker et al., 2010), as
a function of the set size (Bays & Husain, 2008; Fougnie et al.,
2012), or an interaction of both variables (Donkin & Nosofsky,
2012b). This is accounted by Oberauer’s model, according to which
only items in DA can be directly retrieved into the FA, a process
that becomes more difﬁcult and more time consuming with
increasing representations within DA (Janczyk & Grabowski,
2011). That is, increasing number of items in the DA inﬂuence re-
trieval dynamics because items interfere with each other (Basak &
Verhaeghen, 2011; Ecker et al., 2010; Janczyk & Grabowski, 2011;
Oberauer & Hein, 2012; see also Mall & Morey, 2013). Thus,
increasing set size will compete for limited resources, -resulting
in a decreased precision maintenance or degraded representations
(Bays & Husain, 2008; Ecker et al., 2010). This degradation due to
representational interference would be exacerbated by MTL lesion,
and could ﬁnally limit the capacity of DA region (Oberauer & Hein,
2012; Pelegrina et al., 2012). This interpretation is in line with pre-
vious behavioral studies showing that people with lower WM
capacity have more difﬁculties in retrieving items held outside
the focus of attention (Basak & Verhaeghen, 2011; Ecker et al.,
2010; Janczyk & Grabowski, 2011; Unsworth, 2010), and is further
supported by recent studies showing greater vulnerability to avail-
ability of maintained information during normal aging (Pelegrina
et al., 2012; Schmiedek et al., 2009). This is also consistent with
the ﬁnding that BOLD activation in the hippocampus reﬂected
the quality/strength of the memory representation, for items out-
side the focus of attention, which varied as a function of recency
(Öztekin et al., 2010). Additionally, with increasing number of
items within DA region, the retrieval process becomes more difﬁ-
cult, but also more time consuming (Basak & Verhaeghen, 2011;
Donkin & Nosofsky, 2012b; Janczyk & Grabowski, 2011). As the
lag increases, drift rates (i.e. evidence for or against a match) de-
crease, causing longer RTs (Donkin & Nosofsky, 2012b). This effect
is exactly what we observed, this is, participants’ RTs became
slower with decreasing recency of the probe. Hence, although re-
trieval accuracy for items within DA remained unaffected in the
control group (Rerko & Oberauer, 2013), differences in RT indicated
that strength of representations varied among them, so that the
higher the activation of successfully retrieved item, the lower
latency of retrieval (Chuderski, Stettner, & Orzechowski, 2006).
Considering these pieces of evidence, MTL damage appear to inﬂu-
ence the ability to retrieve information held within the normalWM
range (Lustig et al., 2009; Oberauer & Hein, 2012), which was mod-ulated by the level of accessibility (or strength), producing a reduc-
tion in the capacity of DA region and therefore of WM in general
(Pelegrina et al., 2012). Current ﬁndings also speak about the
non-linearity effects of brain lesions on cognitive functions. There-
fore, while MTL is activated during retrieval of items maintained
within the hypothesized WM limits (i.e. DA) (Nee & Jonides,
2008, 2011; Schon,Quiroz, Hasselmo, & Stern, 2009; von Allmen
et al., 2013; Öztekin et al., 2009, 2010), patients with damage to
this region could use alternative neural routes to successfully re-
trieved items from this layer (Braun et al., 2008; Campo et al.,
2013; Finke et al., 2013; Trotta et al., 2013), although this compen-
satory mechanism cannot extend efﬁciently to all the representa-
tions lying within the short-term range.
The potential impact of antiepileptic drugs (AEDs) on cognitive
functioning cannot be discounted as contributing to the differences
reported here. AEDs have been reported to have both positive and
negative effects on cognition, in patients and in healthy controls
(Aldenkamp et al., 2002; Meador et al., 2007; Park & Kwon,
2008; Prevey et al., 1996; Seo et al., 2007; Thompson, Baxendale,
Duncan, & Sander, 2000), and vary in the type and degree of their
associated side effects, depending upon several factors such as the
type and dosage of AED used (Baxendale, Heaney, Thompson, &
Duncan, 2010; Canevini et al., 2010; Hermann, Meador, Gaillard,
& Cramer, 2010; Meador, 2006; Schilbach, Koubeissi, David,
Vogeley, & Ritzl, 2007). Additionally, it is difﬁcult to dissociate
AEDs effects in epileptic patients from the effect of epilepsy itself
and associated psychosocial variables (Bocquillon et al., 2009;
Gualtieri & Johnson, 2006).
In summary, we have demonstrated that MTL damage inﬂu-
enced the information maintenance parameters of verbal WM. This
conclusion can be supported if we assume that differences ob-
served in serial position 9 reﬂected a reduced capacity of DA com-
ponent. Thus, by reducing WM capacity, probably due to
degradation of the least recent representation within theWM span,
MTL damage altered the ability of mTLE patients to retrieve infor-
mation only at a certain level of availability. This is consistent with
the ﬁnding that hippocampal activation across serial positions is
related to the probability of successfully retrieving an item, which
varies as a function of recency (Öztekin et al., 2010). We stress that
interactions among the components of the embedded framework
of WM (Cowan, 2001; Oberauer, 2002) and therefore accessibility
of representations might be inﬂuenced by several variables (Bays
& Husain, 2008; Brady, Konkle, & Alvarez, 2011; Chuderski et al.,
2007; Dempere-Marco et al., 2012; Poch et al., 2010; Rose & Craik,
2012). Thus, further studies exploring how MTL contributes to re-
trieval dynamics of WM are warranted (Olsen et al., 2009; Rose &
Craik, 2012).Acknowledgement
This work was partially supported by research grants from the
Spanish Ministry of Science and Innovation (Grant SAF2011-27920
to IG-M, and Grant PSI2010-16742 to PC). PC was supported by a
Ramon y Cajal Fellowship from the Spanish Ministry of Science
and Innovation (RYC-2010-05748). CP was supported by Spanish
Ministry of Science and Education (AP2009-4131).References
Aldenkamp, A. P., Arends, J., Bootsma, H. P., Diepman, L., Hulsman, J., Lambrechts, D.,
et al. (2002). Randomized double-blind parallel-group study comparing
cognitive effects of a low-dose lamotrigine with valproate and placebo in
healthy volunteers. Epilepsia, 43(1), 19–26.
Algarabel, S., Ruiz, J. C., & Sanmartín, J. (1988). The university of Valencia’s
computerized word pool. Behavioral Research Methods, Instruments, and
Computers, 20(4), 398–403.
J.M. López-Frutos et al. / Brain and Cognition 84 (2014) 90–96 95Alvarez, G. A., & Cavanagh, P. (2004). The capacity of visual short-term memory is
set both by visual information load and by number of objects. Psychological
Science, 15(2), 106–111.
Axmacher, N., Elger, C. E., & Fell, J. (2009a). Working memory-related hippocampal
deactivation interferes with long-term memory formation. Journal of
Neuroscience, 29(4), 1052–1960.
Axmacher, N., Haupt, S., Cohen, M. X., Elger, C. E., & Fell, J. (2009b). Interference of
working memory load with long-term memory formation. European Journal of
Neuroscience, 29(7), 1501–1513.
Basak, C., & Verhaeghen, P. (2011). Three layers of working memory: Focus-switch
costs and retrieval dynamics as revealed by the N-count task. Journal of
Cognitive Psychology, 23(2), 204–219.
Baxendale, S., Heaney, D., Thompson, P. J., & Duncan, J. S. (2010). Cognitive
consequences of childhood-onset temporal lobe epilepsy across the adult
lifespan. Neurology, 75(8), 705–711.
Bays, P. M., & Husain, M. (2008). Dynamic shifts of limited working memory
resources in human vision. Science, 321(5890), 851–854.
Bocquillon, P., Dujardin, K., Betrouni, N., Phalempin, V., Houdayer, E., Bourriez, J. L.,
et al. (2009). Attention impairment in temporal lobe epilepsy: A
neurophysiological approach via analysis of the P300 wave. Human Brain
Mapping, 30(7), 2267–2277.
Brady, T. F., Konkle, T., & Alvarez, G. A. (2011). A review of visual memory capacity:
Beyond individual items and toward structured representations. Journal of
Vision, 11(5), 4.
Braun, M., Finke, C., Ostendorf, F., Lehmann, T. N., Hoffmann, K. T., & Ploner, C. J.
(2008). Reorganization of associative memory in humans with long-standing
hippocampal damage. Brain, 131(Pt 10), 2742–2750.
Campo, P., Garrido, M. I., Moran, R. J., Garcia-Morales, I., Poch, C., Toledano, R., et al.
(2013). Network reconﬁguration and working memory impairment in mesial
temporal lobe epilepsy. Neuroimage, 72, 48–54.
Campo, P., Garrido, M. I., Moran, R. J., Maestu, F., Garcia-Morales, I., Gil-Nagel, A.,
et al. (2012). Remote effects of hippocampal sclerosis on effective connectivity
during working memory encoding: A case of connectional diaschisis? Cerebral
Cortex, 22(6), 1225–1236.
Campo, P., Maestu, F., Capilla, A., Fernandez, S., Fernandez, A., & Ortiz, T. (2005).
Activity in human medial temporal lobe associated with encoding process in
spatial working memory revealed by magnetoencephalography. European
Journal of Neuroscience, 21(6), 1741–1748.
Canevini, M. P., De Sarro, G., Galimberti, C. A., Gatti, G., Licchetta, L., Malerba, A.,
et al. (2010). Relationship between adverse effects of antiepileptic drugs,
number of coprescribed drugs, and drug load in a large cohort of consecutive
patients with drug-refractory epilepsy. Epilepsia, 51(5), 797–804.
Chuderski, A., Stettner, Z., & Orzechowski, J. (2006). Modeling individual differences
in working memory search task. Paper presented at the Proceedings of the Seventh
International Conference on Cognitive Modeling, Trieste, Italy.
Chuderski, A., Stettner, Z., & Orzechowski, J. (2007). Computational differences in
short term memory search. Cognitive Systems Research, 8, 161–173.
Cowan, N. (2001). The magical number 4 in short-term memory: A reconsideration
of mental storage capacity. Behav Brain Sci, 24(1), 87–114; discussion 114–185.
Cowan, N. (1999). An embedded-process model of working memory. In A. Miyake &
P. Shah (Eds.), Models of Working Memory). Cambridge: Cambridge University
Press.
Cowan, N., Rouder, J. N., Blume, C. L., & Saults, J. S. (2012). Models of verbal working
memory capacity: What does it take to make them work? Psychological Review,
119(3), 480–499.
Crowder, R. G. (1993). Short-term memory: Where do we stand? Memory and
Cognition, 21, 142–145.
Dempere-Marco, L., Melcher, D. P., & Deco, G. (2012). Effective visual working
memory capacity: An emergent effect from the neural dynamics in an attractor
network. PLoS ONE, 7(8), e42719.
Donkin, C., & Nosofsky, R. M. (2012a). A power-law model of psychological memory
strength in short- and long-term recognition. Psychological Science, 23(6),
625–634.
Donkin, C., & Nosofsky, R. M. (2012b). The structure of short-term memory
scanning: An investigation using response time distribution models.
Psychonomic Bulletin & Review, 19, 363–394.
Ecker, U. K., Lewandowsky, S., Oberauer, K., & Chee, A. E. (2010). The components of
working memory updating: An experimental decomposition and individual
differences. Journal of Experimental Psychology. Learning, Memory, and Cognition,
36(1), 170–189.
Finke, C., Bruehl, H., Duzel, E., Heekeren, H. R., & Ploner, C. J. (2013). Neural
correlates of short-term memory reorganization in humans with hippocampal
damage. Journal of Neuroscience, 33(27), 11061–11069.
Fougnie, D., Suchow, J. W., & Alvarez, G. A. (2012). Variability in the quality of visual
working memory. Nature communications, 3, 1229.
Fuster, J. M. (1995). Memory in the cerebral cortex. Cambridge: MIT Press.
Garavan, H. (1998). Serial attention within working memory. Memory & Cognition,
26, 263–276.
Gualtieri, C. T., & Johnson, L. G. (2006). Comparative neurocognitive effects of 5
psychotropic anticonvulsants and lithium. MedGenMed, 8(3), 46.
Hermann, B., Meador, K. J., Gaillard, W. D., & Cramer, J. A. (2010). Cognition across
the lifespan: Antiepileptic drugs, epilepsy, or both? Epilepsy & Behavior, 17(1),
1–5.
Janczyk, M., & Grabowski, J. (2011). The focus of attention in working memory:
Evidence from a word updating task. Memory, 19(2), 211–225.Jeneson, A., & Squire, L. R. (2011). Working memory, long-termmemory, and medial
temporal lobe function. Learning & Memory, 19(1), 15–25.
Jokeit, H., Bosshardt, S., & Reed, V. (2011). A comparative approach to interictal
memory disturbances in patients with epilepsies. Epileptologie, 28, 164–176.
Jost, K., Bryck, R. L., Vogel, E. K., & Mayr, U. (2011). Are old adults just like low
working memory young adults? Filtering efﬁciency and age differences in visual
working memory. Cerebral Cortex, 21(5), 1147–1154.
Lewis-Peacock, J. A., Drysdale, A. T., Oberauer, K., & Postle, B. R. (2012). Neural
evidence for a distinction between short-term memory and the focus of
attention. Journal of Cognitive Neuroscience, 24(1), 61–79.
Luck, S. J., & Vogel, E. K. (1997). The capacity of visual working memory for features
and conjunctions. Nature, 390(6657), 279–281.
Lustig, C. A., Lewis, R. L., Berman, M. G., Nee, D. E., Moore, K. S., & Jonides, J. (2009).
Psychological and Neural Mechanisms of Short-term Memory. In G. G. Berntson
& J. T. Cacioppo (Eds.), Handbook of neuroscience for the behavioral sciences
(pp. 567–585). New Jersey: John Wiley and Sons.
Mall, J. T., & Morey, C. C. (2013). High working memory capacity predicts less
retrieval induced forgetting. PLoS ONE, 8(1), e52806.
Matsukura, M., & Hollingworth, A. (2011). Does visual short-term memory have a
high-capacity stage. Psychonomic Bulletin & Review, 18(6), 1010–1098.
McElree, B. (1998). Attended and non-attended states in working memory:
Accessing categorized structures. Journal of Memory and Language, 38, 225–252.
McElree, B. (2001). Working memory and focal attention. Journal of Experimental
Psychology. Learning, Memory, and Cognition, 27(3), 817–835.
McElree, B. (2006). Accessing recent events. In B. H. Ross (Ed.), The psychology of
learning and motivation (pp. 155–200). San Diego, CA: Academic Press.
Meador, K. J. (2006). Cognitive and memory effects of the new antiepileptic drugs.
Epilepsy Research, 68, 63–67.
Meador, K. J., Gevins, A., Loring, D. W., McEvoy, L. K., Ray, P. G., Smith, M. E., et al.
(2007). Neuropsychological and neurophysiologic effects of carbamazepine and
levetiracetam. Neurology, 69(22), 2076–2084.
Nairne, J. S. (2002). Remembering over the short-term: The case against the
standard model. Annual Review of Psychology, 53, 53–81.
Nee, D. E., & Jonides, J. (2008). Neural correlates of access to short-term memory.
Proceedings of National Academy of Sciences USA, 105(37), 14228–14233.
Nee, D. E., & Jonides, J. (2011). Dissociable contributions of prefrontal cortex and the
hippocampus to short-term memory: Evidence for a 3-state model of memory.
Neuroimage, 54(2), 1540–1548.
Nee, D. E., & Jonides, J. (2013). Neural evidence for a 3-state model of visual short-
term memory. Neuroimage, 74, 1–11.
Oberauer, K. (2002). Access to information in working memory: Exploring the focus
of attention. Journal of Experimental Psychology. Learning, Memory, and Cognition,
28(3), 411–421.
Oberauer, K. (2006). Is the focus of attention in working memory expanded through
practice? Journal of Experimental Psychology. Learning, Memory, and Cognition,
32(2), 197–214.
Oberauer, K., & Bialkova, S. (2009). Accessing information in working memory: Can
the focus of attention grasp two elements at the same time? Journal of
Experimental Psychology: General, 138(1), 64–87.
Oberauer, K., & Hein, L. (2012). Attention to information in working memory.
Current Directions in Psychological Science, 21(3), 164–169.
Oldﬁeld, R. C. (1971). The assessment and analysis of handedness: The Edinburgh
inventory. Neuropsychologia, 9(1), 97–113.
Olsen, R. K., Nichols, E. A., Chen, J., Hunt, J. F., Glover, G. H., Gabrieli, J. D., et al.
(2009). Performance-related sustained and anticipatory activity in human
medial temporal lobe during delayed match-to-sample. Journal of Neuroscience,
29(38), 11880–11890.
Öztekin, I., Davachi, L., & McElree, B. (2010). Are representations in working
memory distinct from representations in long-term memory? Neural evidence
in support of a single store. Psychological Science, 21(8), 1123–1133.
Öztekin, I., & McElree, B. (2010). Relationship between measures of working
memory capacity and the timecourse of short-term memory retrieval and
interference resolution. Journal of Experimental Psychology. Learning, Memory,
and Cognition, 36(2), 383–397.
Öztekin, I., McElree, B., Staresina, B. P., & Davachi, L. (2009). Working memory
retrieval: Contributions of the left prefrontal cortex, the left posterior parietal
cortex, and the hippocampus. Journal of Cognitive Neuroscience, 21(3), 581–593.
Park, S. P., & Kwon, S. H. (2008). Cognitive effects of antiepileptic drugs. Journal of
Clinical Neurology, 4(3), 99–106.
Pelegrina, S., Borella, E., Carretti, B., & Lechuga, M. T. (2012). Similarity-based
interference in a working memory numerical updating task: Age-related
differences between younger and older adults. Experimental Psychology, 59(4),
183–189.
Poch, C., & Campo, P. (2012). Neocortical-hippocampal dynamics of working
memory in healthy and diseased brain states based on functional connectivity.
Frontiers in Human Neuroscience, 6, 36.
Poch, C., Campo, P., Parmentier, F. B., Ruiz-Vargas, J. M., Elsley, J. V., Castellanos, N.
P., et al. (2010). Explicit processing of verbal and spatial features during letter-
location binding modulates oscillatory activity of a fronto-parietal network.
Neuropsychologia, 48(13), 3846–3854.
Poch, C., Fuentemilla, L., Barnes, G. R., & Duzel, E. (2011). Hippocampal theta-phase
modulation of replay correlates with conﬁgural-relational short-term memory
performance. Journal of Neuroscience, 31(19), 7038–7042.
Prevey, M. L., Delaney, R. C., Cramer, J. A., Cattanach, L., Collins, J. F., & Mattson, R. H.
(1996). Effect of valproate on cognitive functioning. Comparison with
96 J.M. López-Frutos et al. / Brain and Cognition 84 (2014) 90–96carbamazepine. The department of veterans affairs epilepsy cooperative study
264 group. Archives of Neurology, 53(10), 1008–1016.
Race, E., Laroque, K. F., Keane, M. M., & Verfaellie, M. (2013). Medial temporal lobe
contributions to short-term memory for faces. Journal of Experimental
Psychology: General.
Rerko, L., & Oberauer, K. (2013). Focused, unfocused, and defocused information in
working memory. Journal of Experimental Psychology: Learning, Memory, and
Cognition.
Rose, N. S., & Craik, F. I. (2012). A processing approach to the working memory/long-
term memory distinction: Evidence from the levels-of-processing span task.
Journal of Experimental Psychology. Learning, Memory, and Cognition, 38(4),
1019–1029.
Schacter, D. L., Wagner, A. D., & Buckner, R. L. (2000). Memory systems of 1999. In E.
Tulving & F. M. I. Craik (Eds.), The Oxford Handbook of Memory (pp. 627–646).
New York: Oxford University Press.
Schilbach, L., Koubeissi, M. Z., David, N., Vogeley, K., & Ritzl, E. K. (2007). Being with
virtual others: studying social cognition in temporal lobe epilepsy. Epilepsy &
Behavior, 11(3), 316–323.
Schmiedek, F., Li, S. C., & Lindenberger, U. (2009). Interference and facilitation in
spatial working memory: Age-associated differences in lure effects in the n-
back paradigm. Psychology and Aging, 24(1), 203–210.
Schon, K., Quiroz, Y. T., Hasselmo, M. E., & Stern, C. E. (2009). Greater working
memory load results in greater medial temporal activity at retrieval. Cerebral
Cortex, 19(11), 2561–2571.
Seo, J. G., Lee, D. I., Hwang, Y. H., Lee, H. W., Jung, D. K., Suh, C. K., et al. (2007).
Comparison of cognitive effects of lamotrigine and oxcarbazepine in epilepsy
patients. Journal of Child Neurology, 3(1), 31–37.
Stretton, J., Winston, G., Sidhu, M., Centeno, M., Vollmar, C., Bonelli, S., et al. (2012).
Neural correlates of working memory in Temporal Lobe Epilepsy – An fMRI
study. Neuroimage, 60(3), 1696–1703.
Thompson, P. J., Baxendale, S. A., Duncan, J. S., & Sander, J. W. (2000). Effects of
topiramate on cognitive function. Journal of Neurology, Neurosurgery and
Psychiatry, 69(5), 636–641.Todd, J. J., & Marois, R. (2004). Capacity limit of visual short-term memory in human
posterior parietal cortex. Nature, 428(6984), 751–754.
Toepper, M., Markowitsch, H. J., Gebhardt, H., Beblo, T., Thomas, C., Gallhofer, B.,
et al. (2010). Hippocampal involvement in working memory encoding of
changing locations: An fMRI study. Brain Research, 1354, 91–99.
Trotta, N., Goldman, S., Legros, B., Baete, K., Van Laere, K., Van Bogaert, P., et al.
(2013). Changes in functional integration with the non-epileptic temporal lobe
of patients with unilateral mesiotemporal epilepsy. PLoS ONE, 8(6), e67053.
Unsworth, N. (2010). On the division of working memory and long-term memory
and their relation to intelligence: A latent variable approach. Acta Psychologica
(Amst), 134(1), 16–28.
Unsworth, N., & Engle, R. W. (2008). Speed and accuracy of accessing information in
working memory: An individual differences investigation of focus switching.
Journal of Experimental Psychology. Learning, Memory, and Cognition, 34,
616–630.
Verhaeghen, P., Cerella, J., Basak, C., Bopp, K., Zhang, Y., & Hoyer, W. J. (2007). The ins
and outs of working memory: Dynamic processes associated with focus
switching and search. In N. Osaka, R. H. Logie & M. D’esposito (Eds.), Working
memory: Behavioural & neural correlates (pp. 81–98). Oxford: Oxford University
Press.
Vogel, E. K., & Awh, E. (2008). How to exploit diversity for scientiﬁc gain. Current
Directions in Psychological Science, 17, 171–176.
von Allmen, D. Y., Wurmitzer, K., Martin, E., & Klaver, P. (2013). Neural activity in
the hippocampus predicts individual visual short-term memory capacity.
Hippocampus, 23(7), 606–615.
Wei, Z., Wang, X. J., &Wang, D. H. (2012). From distributed resources to limited slots
in multiple-item working memory: A spiking network model with
normalization. Journal of Neuroscience, 32(33), 11228–11240.
Zimmer, H. D., Münzer, S., & Umla-Runge, K. (2010). Visuo-spatial working memory
as a limited resource of cognitive processing. In M. Crocker & J. Siekmann (Eds.),
Resource-Adaptive Cognitive Processes (pp. 13–34). Berlin: Springer.
